ABSTRACT: We describe a physical−organic study of two fluoropolymers bearing a photoreleasable PEGylated photosensitizer that generates 
■ INTRODUCTION
Solid supports have been used as platforms for the photorelease of drug molecules. 1, 2 However, there are gaps in data on whether Teflon-like 3, 4 or superhydrophobic surfaces 5 can efficiently photorelease drugs. To address this issue, two photoactive fluoropolymers have been synthesized and compared ( Figure 1 Figure 1 also shows that the sensitizer drug to be photoreleased is PEGylated.
While the delivery of PEGylated compounds is an active area of research, 6−8 they tend to adhere to surfaces. 9−11 Even though solid-state sensitizers have been established, 12−14 few have been designed to release PEGylated compounds, 15 and none have capitalized on fluoropolymers' nonstick repellent properties 16 for better molecule discharge from the surface. Thus, we anticipated that fluoropolymer sensitizer release systems with repellent properties and visible light activation could be established.
Visible light and NIR photocleavage reactions are known 17−24 and actually represent a burgeoning area of research. 25, 26 For example, the sensitized generation of 1 O 2 ( 1 Δ g ) has been used with labile ethene linkers for photorelease reactions. We 27, 28 and others 29−31 have published papers devoted to 1 O 2 -based drug release, and a book chapter has also appeared. 32 Singlet oxygen is a potentially therapeutic species and is photogenerated by PAHs, 33, 34 chlorins, 35, 36 porphyrins and phthalocyanines, and their fluorinated analogues. 37−41 In 2011, Roder et al. reported the deposition of perfluorinated phthalocyanines on silica gel as a composite material for generating 1 O 2 for sterilization. 42 A Teflon ponytail fullerene (i.e., C 6 0 adduct with CH 2 [CO 2 (CH 2 ) 3 (CF 2 ) 7 CF 3 ] 2 ) has also been prepared for 1 O 2 generation. 43 Favorable properties of surface fluorination for 1 O 2 and drug potency through PEGylation would make such a combination be desirable. However, solid materials that are both fluorinated and PEGylated are rather uncommon. 44 Taken together, the above topics reveal the potential utility of a Teflonsupported PEGylated drug release system and point to the need for new studies.
Our hypothesis was that a Teflon/PVA nanocomposite will photorelease the PEGylated sensitizer more efficiently than fluorinated silica because of the higher number of C−F bonds in the former. Thus, we report here the synthesis and study of two fluoropolymers illustrated in Figure 1 to give us insight into the photosensitizer release mechanism. We show that these surfaces have (i) high solubility of ground-state oxygen, which is advantageous for photooxidation chemistry; (ii) relatively low adsorptivity for the PEGylated sensitizer, for good turnout; (iii) facile breakage of the ethene linker bond; and (iv) longer singlet oxygen lifetimes (τ Δ ) because the C−F bonds sap the polymer's ability to physically quench O 2 ). The fluoropolymers we describe are biocompatible (e.g., for surgery), 45, 46 and our mechanistic study provides results that may be useful for applications in localized delivery of sensitizer to desired surfaces (e.g., wounds or diseased tissue), where the released photosensitizer is active upon subsequent illumination.
■ EXPERIMENTAL SECTION
General Aspects. Reagent grade solvents methanol, hexane, toluene, DMF, THF, CH 2 Cl 2 , CHCl 3 , CDCl 3 , CCl 4 , and nbutanol were used. Hydrofluoric acid, sodium sulfate, sodium bicarbonate, sodium periodate, sodium borohydride, osmium tetroxide, acetic acid, succinic acid, N-(3-(dimethylamino)-propyl)-N′-ethylcarbodiimide hydrochloride (EDC), N,N-dimethyl-4-aminopyridine (DMAP), (3-iodopropyl)-trimethoxysilane, 3,3,4,4,5,5,6,6,6-nonafluorohexyltrimethoxysilane, tri(ethylene glycol) monomethyl ether, chlorin e 6 , rose bengal, poly(vinyl alcohol) (MW 89 000−98 000, and 99% hydrolyzed), and poly(tetrafluoroethylene) (PTFE: 60 wt % solid content, 5.9 wt % nonionic surfactant, 22.3 nm average particle size, and 2.20 g/mL density) were used as received from commercial suppliers. Solid samples were cleaned with refluxing methanol in a Soxhlet extractor. Proton and carbon NMR data were recorded at 400 and 100.6 MHz, respectively. UV−vis and IR spectrophotometers, a GC/MS instrument, a muffle furnace, and a portable pO 2 oxygen sensor were also used. HRMS data were collected at the mass spectrometry facility in University of California, Riverside.
Synthesis of 3-Formyl-17 3 ,15 2 ,13 1 -chlorin e 6 Methoxy Tri(ethylene glycol) Triester (2) (Figure 2) . Yield, 12.0 mg (60%); purity, 98%. Chlorin e 6 was converted to triPEG chlorin 1 (i.e., methoxy triethylene glycol attached at the ester bonds for a TriPEG Chlorin-Modified Fluorinated Silica (7) ( Figure  3 ). Fluorinated glass 6 was prepared based on the methods established from our previous work. 48 Briefly, Vycor pieces were added to the nonafluorotrimethoxysilane in 0.07 wt % in toluene and refluxed for 24 h under N 2 . Unreacted nonafluorotrimethoxysilane was washed off of the silica by Soxhlet extraction in methanol for 24 h. TriPEG chlorin 5 reacted with (3-iodopropyl)trimethoxysilane and was added to twelve pieces of fluorinated silica 6 [each piece was 0.33 g and sized ∼5 mm × ∼8 mm (d × l)] in refluxing toluene for 24 h to reach 7. Washing with CH 2 Cl 2 , THF, methanol, and hexane was followed by a Soxhlet extraction in methanol for 24 h to remove any adsorbed sensitizer from the silica. No sensitizer leaching from the surface was observed in the dark or under subdued light. UV−vis (λ max , air) 400 and 661 nm. After dissolution of silica 7 by HF treatment and extraction with CHCl 3 , evidence suggested the liberation of sensitizer (Soret band observed at 400 nm): HOCH 2 TriPEG Chlorin-Modified Teflon/PVA (10) (Figure 4 ). Teflon/PVA 8 was prepared from a literature procedure and is a polymeric nanocomposite material of a PVA matrix filled with Teflon nanospheres. 49 Teflon suspension was added to a PVA solution (PVA dissolved in boiling H 2 O with stirring for 5 h) in a 6:1 Teflon/PVA mass ratio. The mixture was stirred at room temperature and atmospheric pressure for 2.5 h using a mechanical agitator. Samples were placed in a mold and dried at room temperature and atmospheric pressure for 1 week. FT-IR (cm nmol/g by UV−vis spectroscopy. IR data were unable to distinguish whether the excess EDC used converted many of the surface acid sites to diesters ( Figure S22 , Supporting Information). Teflon/PVA 10 was stable in the dark; the sensitizer did not leach out to any measurable extent after CH 2 Cl 2 , methanol, THF, and hexane solvent washings or Soxhlet extraction with methanol.
Photorelease of Sensitizer 13 from Surfaces 7 and 10 ( Figure 5 ). The photolysis setup included a continuous wave diode laser (669 nm output) where the light was passed through an SMA port and out of the end of a borosilicate optical fiber with SMA optical fiber coupling, as has been described in our previous work. 48 Under subdued light, n-butanol solutions were presaturated with O 2 for 20 min and then illuminated with red light for 1.5 h, upon which 1 O 2 was generated and trapped by the alkene sites on the solid supports. These heterogeneous photolysis reactions contained 0.328 and 0.214 g of solids 7 and 10, respectively. Concentrations of 13 were measured based on calibration curves, which followed its Q-band absorption at 665 nm. The number of broken alkene bond was quantified by the amount of sensitizer detected in after Soxhlet extraction in methanol. Control experiments demonstrated that the photorelease does not deviate from Beer's law in the UV−vis detection of sensitizer. 55, 56 As will be evident, the fluorinated solids provide an opportunity to enhance the production of 1 O 2 due to higher local O 2 concentrations. PEGylated Sensitizer Photorelease from the Fluoropolymers ( Figure 6 and Tables 2 and 3 ). Figure 5 and Table   2 show that the percent of PEGylated sensitizer 13 photoreleased into n-butanol was higher for Teflon/PVA 10 than for fluorinated silica 7. The emergence of sensitizer 13 in n-butanol was quantified by monitoring its Q-band absorption by UV−vis. Control experiments show that the red light and O 2 were needed to cause the photorelease of 13. Control experiments also showed that the ester groups of 7, 10, and 13 remained intact under dark reaction conditions. We did not find any evidence for ester bond hydrolysis under the conditions wherein all sensitizer release was due to reaction of 1 O 2 with the ethene sites. In terms of loading, the quantity of sensitizer loaded onto 7 was greater than that onto 10. High loading of sensitizer molecules is undesirable, especially when porphyrin sites are within the ∼15 Å Forster radius that produces self-quenching for a photothermal 57 rather than a photosensitizer polymer. This led us to examine the number and type of bonds on our fabricated surfaces. Table 3 shows the absolute number of Si−OH, C−OH, C−F, and C−H groups and sensitizer sites in fluorinated silica 7 and Teflon/PVA 10. The number of O−H bonds for 10 is 4.8-fold greater than that in 7. For 10 compared to 7, there are also 1.2-fold more C−F bonds and 1.8-fold less C−H bonds. A driving force in sensitizer adsorption may be the higher number of H-bonding sites in 10 (C−OH 6.2 × 10 20 ) compared to that in 7 (Si−OH 1.3 × 10 20 ). There is a greater number of O−H sites on 10 than 7, which led us to study the adsorptive affinity of sensitizer 13. The Journal of Physical Chemistry B
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Testing the Fluorinated Surfaces for Sensitizer Adsorption (Figure 7) . We wondered what levels of unwanted adhering of PEG sensitizer 13 would occur with our fluoropolymer supports. Figure 7 shows the amount of sensitizer that adsorbs onto fluoropolymers (here, sensitizerless 6 and 9 were examined) placed in a 10 μM n-butanol solution of 13. The sensitizer's ability to adsorb to the surfaces was increased for 9 compared to that for 6. This can be understood by the tendency of PEGylated compounds to adhere to surfaces with O−H groups. This result is similar to our recent work, 48 where a pheophorbide sensitizer increased its adsorptive affinity for silica with higher quantities of O−H groups. The number of O−H bonds was important to tabulate because they can serve as adsorption sites. Next, we examined the physical quenching of 1 O 2 by the fluoropolymers, where less would be better.
Lifetime Measurements (Table 4) . Table 4 shows that the total rate constants (k T ) of 1 O 2 decreased in the presence of fluorinated silica 6, Teflon/PVA 8, and Teflon particles compared to that with native silica. In these experiments, the 1270 nm signal of 1 O 2 was followed with added quantities of the solid particles in acetone-h 6 at 25°C. Native silica, 6, 8, and Teflon were used because they lacked the sensitizer heads of 7 and 10, where a constant concentration of rose bengal was used in the heterogeneous mixtures. Teflon, 6, and 8 contain a high number of C−F oscillators, which do not efficiently physically quench 1 O 2 compared to that by C−H or O−H oscillators due to electronic to vibronic overlap. 58, 59 Consistent with this notion, for native silica, the k T value increased by 2−3-fold because of the greater numbers of O−H bonds. The poor R 2 values in entries 3 and 4 (Table 4) are not a cause for concern where Teflon/PVA 8 and Teflon were ground to flakes that were larger and harder to stir as a slurry than the silica particles. Clearly, the data show success in using fluorinated surfaces due to their reduced physical quenching of 1 O 2 . The low k T values we observe are encouraging since less wasted 1 O 2 by the fluorinated surface is vital to its success for drug photorelease, as is described next.
Mechanism of Sensitizer Photorelease from the Teflon-Like Surfaces (Figure 8) . A proposed mechanistic explanation of the results is as follows:
(i). O 2 Solubility. There is enhanced O 2 solubility with our fluoropolymers compared to that in nonfluorinated media, so more 1 O 2 can be generated. Fluoropolymer surface topology likely relates to O 2 solubility increases based on previous NMR studies, 60 where shapes of perfluoro sites and the existence of cavities in the liquid phase dominate over any direct interactions of O 2 with the fluorine atoms, such as charge-transfer interactions.
(ii). Steric Effects. Singlet oxygen is generated by surfaces 7 and 10, mainly from surface triplet sensitizer* quenching by O 2 that leads to a dioxetane. We know that the dioxetane is not stable 61, 62 and spontaneously breaks apart at room temperature, so the covalent bond between the sensitizer and the surface is lost. As yet, increased kinetic persistence of dioxetanes through sterics, as has been noted in adamantaneadamantylidene dioxetane which is stable at room temperature, 63 cannot be attributed to our fluoropolymers. But, compare parts A and B of Figure 8 , where the fluorine groups are oriented differently. Because fluorinated silica 7 consists of branched fluorosilane (high aspect ratio) groups, it is more subject to dynamical motion, 64 whereas Teflon/PVA 10 consists of continuous endon carbon−fluorine chains in which Teflon −[CF 2 −CF 2 ] m − may also coil into a helix due to repulsion between vicinal a Red light from a diode laser was used to photocleave the sensitizer. Absorption spectroscopy was used to quantitate the amount of sensitizer 13 in the surrounding n-butanol solution.
b The data show weights for 7 and 10 normalized to 1.0 g. The samples were immersed in n-butanol, which contained 10 μM sensitizer 13, and then the samples were removed at the indicated times. The Journal of Physical Chemistry B Article fluorine atoms. 65 The importance of steric interactions of the fluorosilane is consistent with our observation of a reduced photocleavage efficiency in 7 compared to that in 10, but this is confounded by factors such as repelling and quenching (described below). However, it seems obvious that crowding by branched fluorosilanes can prevent 1 O 2 accessibility to the ethene site. Indeed, dioxetane experiments come to mind that can probe mechanical, 66 cage and chemiluminescence, 67−69 and dynamical features of the ∼1.2 nm length fluorosilane, i.e., nanoheterogeneity, of 7 and 10, but these are beyond the scope of the present study.
(iii). Resistance to Adsorption. After the ethene is photooxidized and broken, there is a partition between surface release and adsorption channels. The shuttling 70 or mobility of the sensitizer on the surface prior to departure was not scrutinized with our fluoropolymers. However, the small decrease in the adsorptive affinity of 13 for 10 compared to that for 7 is attributed to the higher number of surface O−H groups in 10 relative to 7. However, does the adsorptive affinity interfere with further ethene photooxidation? Tying up some of sensitizer 13 in an adsorbed state means that autocatalytic-assisted release kinetics are unavailable, unlike that for more repellent hydrophobic sensitizers. 71 (iv). Reactive Ethene Sites: Inert Support. For our fluoropolymers 7 and 10, the ethene sites are photooxidized. The data point to fluorinated media and an increase in τ Δ due to inefficient radiationless deactivation of 1 O 2 by C−F bonds compared to O−H and C−H bonds. 72−74 Unlike polyfunctionalized compounds or proteins, 75, 76 the reaction center for 7 and 10 is the ethene site. Other than the ethene site, the surfaces do not chemically react with 1 O 2 , as would be expected for Teflonlike materials that are known to resist oxidation. 77−80 We find the PEG groups of 7 and 10 were not susceptible to photooxidation. This is not the case for oxygen radicals, e.g., via autoxidation, where PEG hydroperoxides can form and degrade. 81 In summary, we find that the presence of C−F bonds in these materials leads to efficient photocleavage of the PEGylated sensitizer. Teflon/PVA 10 provides a slight advantage with respect to the sensitizer photorelease application compared to that with fluorinated silica 7.
■ CONCLUSIONS
We have developed two fluoropolymers and examined their ability to photorelease a PEGylated sensitizer drug. The presence of C−F bonds in the polymers is beneficial for high O 2 solubility, repelling action, and low physical quenching of 1 O 2 . Designing photoactive repellent surfaces so that drugs are released rather than retained is largely an empirical endeavor and remains a challenge. However, opportunities exist by integrating methodologies from the photosciences to engineering to address the problem.
Future Directions. We have synthesized surfaces that are Teflon-like, so a PEGylated sensitizer drug that is otherwise quite sticky can be photoreleased into the surrounding solution; however, further advancements could be made. The fluoropolymers could be shaped into device tips to discharge controlled sensitizer and 1 O 2 quantities for tissue repair 82, 83 or pointsource photodynamic therapy 84 in vivo. The fluorinated materials provide intriguing possibilities for generating new types of device tips for manual precision in singlet oxygen delivery. Next, we will turn to in vivo experiments to examine the fluoropolymers' functional capacity in a mouse tumor model for sensitizer delivery and tumor killing but not biofouling. 
